A simple, environmentally benign methodology has been developed to synthesize some bromoorganic compounds which have potential as antimicrobial agents. The required compounds were obtained through microwave (MW) irradiation, on-water reactions and using cetyltrimethylammonium tribromide (CTMATB) as the bromine source. The high yield of the product could be achieved within short reaction times, thus representing the main attribute of the present synthetic approach. The compounds were evaluated for in vitro antibacterial activity against Escherichia coli, Klebsiella pneumoniae, Staphylococcus aureus and Bacillus subtilis. Further, in silico studies were carried out to elucidate the interactions of the compounds with the bacterial proteins.
Introduction
Bromo derivatives, both naturally occurring as well as synthesised compounds, have been reported to have biological activities, such as feeding deterrent, antimicrobial, anti-diabetic, antioxidant, anti-inflammatory and enzyme inhibition. [1] [2] [3] [4] [5] [6] [7] Considering the importance of bromo organic compounds, new methods of their synthesis are always sought and literature enumerates a few reports of the use of quaternary ammonium tribromides (QATBs) under MW irradiation for their synthesis. 8, 9 Among the tribromides reported so far, the efficacy and versatility of cetyltrimethylammonium tribromide (CTMATB) has been reported in many important organic transformations. [10] [11] [12] [13] [14] [15] [16] [17] Its proven mildness as a brominating reagent and versatility towards various organic substrates added to its compatibility with the aqueous media is what prompted us to choose this reagent for the present study.
In recent years there has been an increasing emphasis on avoiding the use of solvents in organic reactions. It often happens that while many reaction strategies are efficient as well as benign, use of organic solvents in these reactions prevents them from being considered as perfectly green. 18 There is an extensive current debate over the relative "greenness" of the use of various solvent media, but water can undeniably be considered the cleanest solvent available, and the use and release of clean water clearly will have the least impact on the environment. Numerous publications report the combination of water as an environmentally benign solvent for chemical transformations with the use of MW irradiation as an efficient heating method. 19, 20 In fact, MW heating has become a broadly accepted non-conventional energy source for performing organic synthesis [21] [22] [23] [24] [25] [26] [27] [28] [29] as well as in various aspects of inorganic chemistry and polymer chemistry. 30, 31 Microwave heating is preferred in the context of environmentally benign synthesis because it is a more homogenous method and accelerates reaction processes as compared to the traditional heating methods (e.g. in an oil bath, heating mantle or hot air oven), 9, 25, 28, 32 hence our choice of MW irradiation and use of water as the solvent medium.
While the presently synthesized compounds are examples of small molecules which are very common, small molecules have found significance as new-age pharmaceutical compounds due to their less challenging manufacturing procedure as compared to larger biologicals. Further, even though bromoorganic compounds have been commonly used as antimicrobial agents, [3] [4] [5] [6] [7] there seems to be no reports on the anti-microbial essay of the presently synthesized compounds in the literature. This led us to consider the prospects of such an investigation through experimental and computational approaches.
To explain the promising activity of these compounds, this work includes the molecular docking study of the synthesised compounds within the binding pockets of DNA gyrase subunit B (PDB ID: 1KZN) and dihydrofolate reductase (PDB ID: 3SRW). DNA gyrase is a bacterial protein of the topoisomerase family involved in DNA replication and transcription by catalysing the negative supercoiling of the closed-circular DNA. As this function is essential for DNA replication and transcription, gyrase is really a suitable target for antibacterial agents. 33 Dihydrofolate reductase (DHFR) is an important target in a number of therapeutic areas, including cancer and search for antiinfective compounds where it is used to generate antibacterial, antifungal and antiparasitic agents. 34 
Experimental

1. General Chemistry
All the solvents and substrates were purchased from Merck, Spectrochem, Sigma-Aldrich, and S. D. Fine Chem. Hexane and ethyl acetate were distilled before the use in column chromatography, while the substrates were used without further purification. All reactions were monitored by TLC on silica gel HF 254 . The microwave reactions were carried out in a scientific microwave system CATA 2R (single mode reactor) from Catalyst System (Pune, India). Melting points were determined by digital melting point apparatus. IR spectra were recorded with KBr pellets on a Perkin-Elmer FT-IR (spectrum two). 1 H NMR and 13 C NMR spectra were recorded on a JEOL ECS-400 using CDCl 3 as the solvent and TMS as the internal standard.
1. 1. Procedure for Synthesis of CTMATB
CTMATB was synthesised using a modified version of our method reported earlier. 17 In this procedure, a mixture of 4.89 g (41.07 mmol) of potassium bromide (KBr) and 5.00 g (13.74 mmol) of cetyltrimethylammonium bromide (CTMAB), and 0.057 g (0.53 mmol) of sodium carbonate (Na 2 CO 3 ) were taken in a mortar and 10 mL (88.24 mmol) of 50% H 2 O 2 added to the whole. The resultant mixture was grinded thoroughly and then was dissolved in 50 mL of water taken in a 100 mL beaker. The reaction solution was stirred at room temperature for 5 minutes and then 30 mL of 1 M H 2 SO 4 was added drop-wise. An exothermic reaction followed and the CTMATB precipitated out. CTMATB formed was filtered using suction pump, washed with water many times till the filtrate contained no trace of acid (tested using litmus paper), and then initially air-dried and finally dried in a vacuum dessiccator.
(1)
The compound was then dried in a vacuum desiccator using anhydrous calcium chloride (CaCl 2 ) as desiccant. The product was obtained as bright yellow micro-crystals which was further recrystallized from methanol. Yield of the product was 5.52 g (96%), m.p. 87-88 °C, m.p. (lit.) 87 or 88 °C. 35 
1. General Procedure for the Synthesis of Compounds 1a-9a.
A homogenous mixture of the reagent CTMATB (2 mmol) and substrate 1-9 (2 mmol) were taken in 1:1 ratio in a 50 mL round bottomed flask equipped with reflux condenser in the microwave reactor. 10 mL H 2 O was added to the mixture and stirred thoroughly. The reaction mixture was placed inside the microwave reactor. The reactor was switched on and kept at a controlled power of P-7 which corresponds to 595 W. Reaction temperature was recorded using the flexible temperature probe attached to the microwave reactor, immediately after the completion of the reaction, and was found to be 90 °C. The progress of the reaction was monitored by TLC on silica gel HF 254 using ethyl acetate-hexane solvent system (volume ratio varied for different substrates). After completion of the reaction, the product was extracted with 10 mL (2×) ethyl acetate and washed with 5 mL (2×) sodium bicarbonate solution. The crude product thus obtained was subjected to column chromatography over a pad of silica gel using ethyl acetate-hexane solvent system (volume ratio varied for different substrates) to obtain the desired products 1a-9a.
Antibacterial Studies
All the synthesized compounds were evaluated for their in vitro antibacterial activities against Escherichia coli and Klebsiella pneumonia as Gram negative bacteria, as well as Staphylococcus aureus and Bacillus subtilis as Gram positive bacteria. The antimicrobial properties of the synthesised compounds were evaluated by the determination of the zone of inhibition, using agar well diffusion method. 36 Subsequently minimum inhibitory concentrations (MIC) of the compounds were determined by the twofold broth dilution method in nutrient broth. DMSO was used as the control and the tests were performed at 10 mg/mL concentration using DMSO as the solvent. Streptomycin was used as the standard reagent. Each experiment was performed in triplicate and the average reading was taken.
3. Docking Studies
Molecular docking studies were conducted so as to validate the obtained data and to provide comprehensible evidence for the observed antibacterial activity of all synthesized compounds. In this study, molecular docking simulations were performed using Molegro Virtual Docker (MVD). The pdb file format of enzymes DNA Gyrase B (Pdb id: 1KZN) and dihydrofolate reductase (Pdb id: 3SRW) as receptors were obtained from the RCSB Protein Data Bank and were prepared for molecular docking. All the 3D structure of the ligands was drawn using ChemBioDraw as mol2 file. For molecular docking simulation, water molecules were removed and charges were assigned. By using MVD cavities were predicted and the ligands were docked against the target proteins and 30 independent runs were performed for each ligand. [37] [38] [39] [40] 
Results and Discussion
Cetyltrimethylammonium tribromide (CTMATB), having the molecular formula C 19 H 42 NBr 3 is a bright orange crystalline solid with sharp melting point at 87-88 °C. However, from thermogravimetric (TG) analysis it was revealed that the compound is stable even up to ca. 200 °C. One of the major implications of this property is that the tribromide may be very useful for the appropriate organic transformations at relatively high temperatures as well. It is an obvious fear that tribromides, upon heating, release bromine, which is an environmentally hazardous chemical. However, while investigating their thermal stability by TG experiments, it was observed that CTMATB loses Br 2 as the tail fragment at the temperature of 265-267 °C, which is much higher than the temperature at which brominations take place. 17 In order to determine the efficiency of CTMATB in aqueous condition, different types of organic compounds were used and the reactions were performed under microwave conditions. These reactions, when performed in an oil bath under the same conditions, took longer time. As an example, 3a took 8 minutes for its formation, while it took 4 minutes using MW reactor, thereby justifying our choice of MW irradiation. The results of the bromination reactions under microwave conditions are presented in Table 1 . The products were identified by comparing their melting points and IR absorption spectra with that of authentic samples. 8, 9, 17, 18, 41 The antibacterial activity of the synthesised compounds was tested against Escherichia coli and Klebsiella Table  2 . The investigation of the screening revealed that the compounds tested showed varying degree of activity against all the investigated microorganisms. Almost all the compounds showed moderate to potent activity against the strains. Subsequently, minimum inhibitory concentrations (MIC) of the compounds were determined to quantify the antibacterial potency of the compounds. The results of the MIC values of antibacterial activity are given in Table 3 .
Compound 2a showed a better activity against E. coli with a MIC of 0.058 mg/mL and compounds 4a and 5a have lesser effectiveness against the bacterial strains. In comparison, compound 2a showed the best activity indicating its promising broad spectrum of antibacterial property. Docking studies were performed on known target proteins to understand the antibacterial mechanisms of bromo compounds using Molegro virtual docker (MVD). The proteins used as target were DNA gyrase B (Pdb id: 1KZN) from Escherichia coli and dihydrofolate reductase (Pdb id: 3SRW) from Staphylococcus aureus. The best pose of each compound were selected for ligand-protein interaction energy analysis as shown in Tables 4 and 5 . The interaction energies of 2a and 7a were -76.74 kJ/mol and -75.60 kJ/mol as compared to streptomycin with -150.03 kJ/mol. This indicates that 2a and 7a also have a favourable ligand-protein interaction energy at the binding cavity of 1KZN. Similarly, the interaction energies of 2a and 7a were -73.36 kJ/mol and -78.04 kJ/mol as compared to streptomycin with -178.12 kJ/mol. This indicates that 2a and 7a also have a favourable ligand-protein interaction energy at the binding cavity of 3SRW. The snapshots of ligand-protein interaction depicting the binding mode of the best poses are shown in Fig. 1a, b, c and d . In this study, the molecular interaction analysis as shown in Table 6 established a common molecular interaction with Val71 and Thr165. Similarly, in Table 7 , a common interaction with Thr122 and Asp121 in the compounds and streptomycin was established. 
Conclusion
To conclude, microwave assisted aqueous reactions for the bromination of organic compounds as an attractive protocol due to its eco-friendly, efficient and economic nature are presented. The use of a CTMATB in the bromination reactions which is less toxic compared to using molecular bromine makes the process more environmentally benign. The antimicrobial study of these novel bromoorganic derivatives against Gram positive and Gram negative species showed that synthetic mimics of naturally occurring bromoorganic compounds can be of promise against drug-resistant bacteria. Docking studies revealed that both streptomycin and the synthesized compounds have a common interaction at the active sites of the protein and further studies on these compounds might increase their potency thereby enhancing their anti bacterial activity. Thus, this study adopts significance in view of simple molecules that are potent and easy to synthesize. Further studies on derivatives involving synthetic mimics of naturally occurring moieties would provide a lead in the development of novel bromoorganic-based antimicrobial compounds.
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